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Ultraviolet B irradiation is thought to enable skin can-
cer progression as clones of genetically damaged keratin-
ocytes escape apoptosis and expand at the expense of
adjacent normal cells. Mechanisms through which po-
tentially malignant cells in human skin undergo clonal
expansion, however, are not well understood. The goal
of this study was to characterize the role of ultraviolet B
irradiation on the intraepithelial expansion of early stage
human tumor cells in organotypic skin cultures. To
accomplish this, we have studied the e¡ect of ultraviolet
B irradiation on organotypic cultures that were fabri-
cated by mixing normal human keratinocytes with
b-galactosidase-marked, intraepithelial tumor cells
(HaCaT-ras, clone II-4), which bear mutations in both
p53 alleles and harbor an activated H-ras oncogene. We
found that when organotypic mixtures were exposed to
an ultraviolet B dose of 50 mJ per cm2, intraepithelial
tumor cells underwent a signi¢cant degree of prolifera-
tive expansion compared to nonirradiated cultures. To
understand this response, organotypic cultures of nor-
mal keratinocytes were exposed to ultraviolet B and
showed a dose-dependent increase in numbers of sun-
burn cells and TUNEL-positive cells although their
proliferation was suppressed. In contrast, neither the
apoptotic nor the proliferative response of II-4 cells
was altered by ultraviolet B in organotypic cultures.
The di¡erential response of these cell types suggested
that II-4 cells were resistant to ultraviolet-B-induced al-
terations, which allowed these intraepithelial tumor
cells to gain a selective growth and survival advantage
relative to neighboring normal cells. These ¢ndings
demonstrate that ultraviolet B exposure can induce the
intraepithelial expansion of apoptosis-resistant, p53-
mutant, and ras-activated keratinocytes, suggesting that
this agent can act to promote the early stages of epithe-
lial carcinogenesis. Key words: apoptosis/intraepithelial neo-
plasia/organotypic culture/UVB irradiation. J Invest Dermatol
121:191 ^197, 2003
S
olar irradiation in the ultraviolet (UV) range is known
to be associated with the development of nonmelanoma
skin cancers in humans (Setlow, 1974; Brash et al, 1996;
Kraemer, 1997). Speci¢cally, irradiation in the UVA
(315^400 nm) and UVB (280^315 nm) range has been
shown to induce morphologic, biochemical, and genetic damage
in human skin keratinocytes, which leads to early neoplastic pro-
gression in this tissue (Black et al, 1997). UVB causes speci¢c ge-
netic alterations in oncogenes and tumor suppressor genes that
may play a central role in the initiation and progression of skin
cancer (Brash et al, 1996; Black et al, 1997). For example, mutation
of the ras oncogene has been found in 10%^40% of UV-asso-
ciated skin cancers (Pierceall et al, 1991; 1992), but the role of this
genetic alteration in early skin cancer progression remains un-
clear. Another gene altered by UVB exposure is the p53 tumor
suppressor gene, which plays a central role in cell death, genetic
instability, and cancer susceptibility by mediating G1 arrest or
programmed cell death in response to DNA damage. UVB irra-
diation has been associated with mutations in the p53 gene that
are found in a large majority of cutaneous squamous cell and ba-
sal cell carcinomas (Brash et al, 1996), a variety of premalignant
lesions such as actinic keratosis, and normal, sun-damaged skin
(Jonason et al, 1996). In recent years, it has been shown that p53-
mutated keratinocytes are arranged in clonal patches in normal
human skin and in nonmelanoma skin cancer and may involve
as much as 4% of the epidermis (Jonason et al, 1996). As the in-
duction of apoptosis by UVB radiation is an important mechan-
ism for the elimination of sun-damaged keratinocytes (Brash,
1997), the presence of p53 mutations may confer apoptosis resis-
tance to these clonal patches of p53-mutant cells. It is theorized
that further UVB exposure is more likely to induce cell death in
normal cells that do not harbor p53 mutations, thereby allowing
the expansion of individual p53-mutant cells into a niche left by
the death of neighboring normal cells (Brash, 1997). This suggests
that, in addition to its role as a mutagen, UVB irradiation can act
as a tumor promoter by enabling the clonal expansion of p53-
mutated cells.
The ¢nding of such large numbers of cells with p53 mutations
suggests that normal skin harbors stable populations of mutant
noncancerous cells that may be predisposed to further neoplastic
progression upon subsequent UVB damage. Although there is
evidence that UVB irradiation acts as a tumor promoter in mouse
skin by enabling the clonal expansion of sun-damaged, p53-mu-
tated cells, however, this has not been studied directly in human
keratinocytes due to a lack of tissue models in which human ker-
atinocytes are present in such a dormant state.We have developed
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a human tissue model through which the fate of small numbers
of intraepithelial tumor cells, the ras-transfected HaCaT clone II-
4, could be monitored during the premalignant stage of disease
of strati¢ed epithelium (Javaherian et al, 1998; Karen et al, 1999;
Vaccariello et al, 1999b). Using this tissue model, we previously
demonstrated that neoplastic progression of these intraepithelial
tumor cells was suppressed in vivo and in vitro by a mechanism
mediated by cell^cell interactions (Javaherian et al, 1998).We sub-
sequently found that this intraepithelial control of neoplastic pro-
gression could be overcome by altering interactions between
tumor cells and adjacent normal keratinocytes (Karen et al, 1999).
The goal of this study was to determine whether UVB irradia-
tion plays a role in the expansion of intraepithelial tumor cells
harboring p53 mutations and an activated H-ras oncogene, in an
organotypic model of early neoplastic progression in human stra-
ti¢ed epithelium. We determined that biologically-meaningful
UVB exposure enabled the intraepithelial expansion of early
stage tumor cells by inducing a di¡erential apoptotic and pro-
liferative response between these cells and adjacent normal
keratinocytes.
MATERIALS AND METHODS
Monolayer cell culture Normal human epidermal keratinocytes
(NHK) were cultured from newborn foreskin by the method of
Rheinwald and Green (1975) in keratinocyte medium described by Wu
et al (1982). Cultures were established through trypsinization of foreskin
fragments in 0.25% trypsin and were grown on 3T3 ¢broblasts irradiated
with a g ray source of 2000 Ci (Cs-137, 100%¼ 1215 R per min) for 6.5
min. 3T3 cells were maintained in Dulbecco’s modi¢ed Eagle’s medium
(DMEM) containing 10% fetal bovine serum. The HaCaT-ras-II-4 (II-4)
cell line (Boukamp et al, 1990) was grown in DMEM containing 5% fetal
bovine serum. Human dermal ¢broblasts were derived from foreskins and
grown in medium containing DMEM and 10% fetal bovine serum.
Organotypic culture Early passage human dermal ¢broblasts were
added to neutralized type I collagen (Organogenesis, Canton, MA) to a
¢nal concentration of 2.5104 cells per ml. Three milliliters of this
mixture were added to each 35 mm well of a six-well plate and incubated
for 4^6 d in medium containing DMEM and 10% fetal bovine serum until
the collagen matrix showed no further shrinkage. At this time, a total of
5105 NHK, II-4 cells, or mixtures of these cell lines at a 12:1 ratio
(NHK:II-4), were seeded on the contracted collagen gel. Cultures were
maintained submerged in low calcium epidermal growth medium for 2 d,
submerged for 2 d in normal calcium epidermal growth medium, and
raised to the air^liquid interface by feeding from below with normal
calcium corni¢cation medium for 3 d as previously published (Vaccariello
et al, 1999a). For proliferation assays, 10 mM bromodeoxyuridine (BrdU)
(Sigma, St. Louis, MO) was added to organotypic cultures 8 h prior to
harvesting.
Retroviral vectors and transduction of tumor cell lines II-4 tumor
cells (HaCaT-ras-II-4) were transduced with the MFG-gal vector, which is
a Moloney murine leukemia virus based vector that contains the gene for
bacterial b-galactosidase (b-gal). Transduced keratinocytes were passaged at
clonal density and clones were screened for persistence of transgene
expression after 10 passages. No loss of transgene expression was observed.
UVB irradiation Irradiated cultures and their corresponding controls
were removed from media and placed into sterile six-well plates without
media. UV was administered using four Westinghouse FS20 sunlamps
emitting wavelengths of 290^400 nm with a peak wavelength at 335 nm
(32.5 J per m2 per s), as determined through spectral radiometry as
previously recommended (Gasparro and Brown, 2000). The dose rate was
determined using a spectroradiometer built by the Department of Biology,
Brookhaven National Laboratories, using components manufactured by
Oriel and calibrated using a model 6315, 1000 w quartz tungsten halogen
lamp. UVA and UVB were found to constitute 72% and 28% of the total
resulting spectrum, respectively. These were measured up to 400 nm and
did not include higher wavelengths. Although UVA output constituted a
considerable portion of the incident spectrum, it has previously been
shown that the UVA dose required to induce epithelial damage is several
orders of magnitude greater for UVA than UVB in monolayer (Drobetsky
et al, 1995) and organotypic (Bernerd and Asselineau, 1998) cultures. In this
light, the irradiation times and resultant dose of UVA used in our
experiments were not of biologic signi¢cance. Organotypic cultures were
irradiated at doses between 0 and 50 mJ per cm2 as measured using the
UVB and UVA outputs of a UVX Digital Dosimeter (Ultraviolet
Products, San Gabriel, CA) as a transfer standard from the spectral
radiometer. UV dose was measured for each experiment and the UVB
and UVA output of the lamps in watts and mJ per cm2 was calculated
(UVB¼ 32.5 J per m2 per s and UVA¼ 30 J per m2 per s). UVC
radiation was removed from the FS20 spectrum using a Kodacel acetate
¢lter.
Immuno£uorescence Tissues were snap frozen in liquid nitrogen after
being immersed in a 2 M sucrose solution for 1 h, serial sectioned at 6 mm,
and mounted onto gelatinchrome alum coated slides. Sections were
incubated with rabbit polyclonal antiserum to bacterial b-gal (Cortex
Pharmaceuticals, San Leandro, CA) and detected with Alexa 488-
conjugated goat antirabbit IgG (Molecular Probes, Eugene, OR). Double
stain immuno£uorescence was performed by using a mouse monoclonal
antibody to BrdU (Boehringer Mannheim, Indianapolis, IN), which was
detected with Texas Red-conjugated horse antimouse IgG (Vector
Laboratories) in combination with rabbit polyclonal antiserum to bacterial
b-gal. Slides were coverslipped with Vectashield containing 1 mg per ml
DAPI (Vector Laboratories). Fluorescence was visualized using a Nikon
OptiPhot microscope, and double exposure photomicroscopy was
performed using £uorescein isothiocyanate (FITC) and Texas Red
channels. The mean percentage of b-gal-positive area before and after
irradiation was calculated in 10 serial sections using the UTHSCA
ImageTool (Version 1.27). Proliferation of NHK was measured as the
percentage of BrdU-positive basal NHK nuclei (LI, labeling index) and
II-4 cell proliferation was calculated by counting basal and suprabasal
BrdU-positive cells, as II-4 cells demonstrated proliferation throughout
the tissue. Five serial sections from random areas in the specimen were
stained. For routine light microscopy, tissues were ¢xed in 10% neutral
bu¡ered formalin and embedded in para⁄n, and 4 mm sections were
stained with hematoxylin and eosin.
Measurement of sunburn cells (SBC) and apoptosis The terminal
deoxynucleotidyl transferase mediated dUTP nick-end labeling (TUNEL)
assay was used to identify apoptotic cells in organotypic cultures
(Boehringer Mannheim, Indianapolis, IN). In order to prevent freezing
damage to tissues, which would lead to artifactual staining of nuclei,
organotypic cultures were frozen at ^201C after being ¢xed in 4%
paraformaldehyde. After sectioning at 6 mm, tissue sections were ¢xed
with 4% paraformaldehyde at room temperature for 30 min, rinsed in
phosphate-bu¡ered saline, and incubated with the TUNEL reaction
mixture for 1 h at 371C in the dark. Fluorescence was visualized using a
Nikon OptiPhot microscope. Identi¢cation of SBC was based on the
morphologically-distinct appearance of these cells in hematoxylin and
eosin stained tissues, i.e., a highly eosinophilic cytoplasm and pyknotic
nuclei (Young, 1987). The percentage of TUNEL-positive cells and SBC
was calculated from the number of these cells divided by the total
number of cells counted in the entire epithelium in 10 tissue sections.
Experiments were performed in duplicate.
RESULTS
UVB irradiation induces characteristic SBC in pure
organotypic cultures of NHK In order to determine the
UVB dose that would cause morphologic alterations similar to
those seen with the induction of moderate UVB exposure in
human skin, organotypic cultures composed of pure NHKwere
exposed to UVB light in doses between 0 and 50 mJ per cm2.
Cultures were harvested 24 h later and tissue morphology was
analyzed after hematoxylin and eosin staining (Fig 1).
Nonirradiated organotypic cultures showed the morphologic
features of a fully strati¢ed and well-di¡erentiated epithelium
(Fig 1a). Cultures exposed to UVB irradiation at a dose of 30
mJ per cm2 demonstrated small numbers of cells with an
eosinophillic cytoplasm surrounding a dense nucleus (Fig 1b,
arrow). These cells were similar in appearance to the SBC
previously described (Young, 1987). At a dose of 50 mJ per cm2,
numerous SBC were found in the mid-spinous layers of the
epithelium (Fig 1c, arrows). When the percentage of SBC was
calculated from the total number of these cells present in the
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epithelium, it was found that 15% of the cells in this tissue
appeared as SBC (Fig 2). UVB doses in excess of 50 mJ per cm2
were found to exert a toxic e¡ect as seen by a severely altered
tissue architecture and tissue necrosis (data not shown). As a
result, it was decided to irradiate mixed organotypic cultures
with a UVB dose of 50 mJ per cm2.
UVB induces a dose-dependent increase in the number of
SBC and apoptotic cells in pure organotypic cultures of
NHK but not in II-4 cells In order to compare the induction
of UV-associated cell death between NHK and II-4 cells, pure
organotypic cultures of these cells were irradiated at doses of 20,
30, 40, and 50 mJ per cm2 and the extent of cellular damage was
measured by calculating the percentage of SBC and apoptotic
nuclei (TUNEL assay) seen 24 h after irradiation (Fig 2). No
SBC were seen in nonirradiated cultures and TUNEL-positive
apoptotic nuclei were only observed in the uppermost layer of
the epithelium, as directed by the normal terminal
di¡erentiation of this tissue (Fig 3a, arrow).With elevated UVB
doses, apoptotic nuclei increased in numbers (Fig 2) and were
seen in the deeper layers of this normal epithelium (Fig 3c, e,
arrows), in a distribution that corresponded to the localization of
SBC (Fig 1). Roughly 2% of NHK exposed to 30 mJ per cm2
were TUNEL positive (Fig 2) and these cells were found in an
immediately suprabasal postion (Fig 3c, arrow). Numerous
TUNEL-positive cells, making up roughly 14% of the cells in
this tissue (Fig 2), were seen in the mid-spinous and basal
layers of the epithelium upon irradiation at 50 mJ per cm2
(Fig 3e, arrows). Furthermore, this UVB dose induced the
apoptosis of ¢broblasts found in the subepithelial connective
tissue. In general, induction of cell death demonstrated a direct
dependency on UVB dose, as numbers of TUNEL-positive
NHK and SBC increased with increasing UVB dosage (Fig 2).
In contrast, irradiated pure organotypic cultures of II-4 cells did
not demonstrate TUNEL-positive cells at any UV dose (Fig 3b,
d, f ) suggesting that p53-mutant II-4 cells were resistant to
apoptosis.
UVB exposure enables intraepithelial expansion of
previously growth-suppressed II-4 tumor cells in organotypic
cultures We next determined if the di¡erential induction of
cell death of NHK and II-4 cells in response to UVB irradiation
was associated with the clonal expansion of individual growth-
suppressed II-4 cells that were grown in organotypic culture in
the context of a majority of NHK. Previous studies have shown
that these cells were growth suppressed and underwent terminal
di¡erentiation when cultured in the presence of NHK at mixing
ratios of 4:1 and 12:1 (NHK:II-4) (Vaccariello et al, 1999b).When
mixed organotypic cultures (12:1, NHK:II-4) were not irradiated,
cultures demonstrated small numbers of individual b-gal-positive
cells in the mid- and upper spinous layers of the epithelium that
occupied 2% of the tissue (Fig 4a, arrow). In contrast, mixed
cultures irradiated with UVB at 50 mJ per cm2 demonstrated
signi¢cant expansion of II-4 cells as seen by the presence of
large clusters of green b-gal-positive II-4 cells in the upper
spinous layer of the epithelium (Fig 4b, thick arrow). These
clusters had expanded to occupy roughly 28% of the tissue
when the total area of green cells was determined as the
percentage from the entire tissue, showing that the number of
II-4 cells in an intraepithelial tumor cell cluster had increased.
This showed that UVB irradiation could induce the
Figure1. UVB irradiation induces SBC in organotypic cultures of
normal keratinocytes. Organotypic cultures, either not exposed to
UVB irradiation (a) or exposed at 30 mJ per cm2 (b) or 50 mJ per cm2 (c),
were studied 24 h postirradiation after hematoxylin and eosin staining.
Nonirradiated cultures appeared as a well-strati¢ed epithelium, which de-
monstrated normal tissue architecture including polarized basal cells and
well-organized spinous layer (a). Organtoypic cultures irradiated with 30
mJ per cm2 demonstrated small numbers of keratinocytes, which had the
appearance of SBC (b, arrow). Upon irradiation with 50 mJ per cm2, tissue
architecture was signi¢cantly disrupted and large numbers of SBC were
seen in the mid-spinous layer of the epithelium (c, long arrows). Scale bar:
30 mm.
Figure 2. UVB induces a dose-dependent increase in SBC and TU-
NEL-positive cells in organotypic cultures of normal keratinocytes.
Pure organotypic cultures of normal keratinocytes were irradiated with
UVB doses between 20 and 50 mJ per cm2. Para⁄n-embedded tissues were
stained with hematoxylin and eosin whereas frozen sections were stained
byTUNEL assay to detect apoptotic nuclei. Numbers of SBC (^^) and
TUNEL-positive cells (&m&)were counted in 10 sections from two sepa-
rate experiments and the number of positive cells in each tissue section was
calculated.
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intraepithelial expansion of II-4 tumor cells and allowed
these cells to escape the growth control of adjacent NHK. To
prove that UVB irradiation had enabled the proliferation of
II-4 cells, irradiated and nonirradiated mixed organotypic
cultures were double stained by immuno£uorescence for
proliferation as detected by BrdU incorporation (red) and b-gal
(green). Only irradiated mixed cultures demonstrated
colocalization of BrdU-positive nuclei and b-gal-positive cells
(Fig 4b, thin arrows). These ¢ndings demonstrated that UVB-
induced expansion of II-4 cells was associated with the active
proliferation of II-4 cells.
UVB suppresses the proliferation of NHKwithout a¡ecting
the growth of II-4 cells In order to further understand the
response of II-4 and NHK cells in mixed organotypic culture, the
e¡ect of UVB irradiation on proliferation of pure organotypic
Figure 3. UVB induces TUNEL-positive apoptotic cells in organotypic cultures of normal keratinocytes without e¡ecting death of II-4
cells. Pure organotypic cultures of NHK (a, c, e) and II-4 cells (b, d, f) were irradiated at either 30 mJ per cm2 (c, d) or 50 mJ per cm2 (e, f); control cultures
were not irradiated (a, b). Apoptotic cells in parafomaldehyde-¢xed and in situ TUNEL-stained sections were detected by their yellow-staining nuclei,
which were seen in the surface layer of nonirradiated cultures of NHK (a, arrow). In addition to such apoptotic cells seen in the surface layer, small numbers
of TUNEL-positive cells were seen in the mid-spinous layer of cultures irradiated at 30 mJ per cm2 (c, arrow) whereas large numbers of apoptotic cells were
seen in the lower layers of the epithelium upon irradiation with 50 mJ per cm2 (e, arrows). In contrast, no TUNEL-positive cells were seen at either UVB
dose when cultures of II-4 cells were irradiated (b, d, f). Scale bar: 45 mm.
Figure 4. UVB induces clonal expansion and proliferation of II-4
cells in mixed organotypic cultures. Double immuno£uorescence stain
demonstrating superimposed £uorescent signals for b-gal (FITC channel,
green) and BrdU (Texas Red channel, red). (a) Mixture of NHK:II-4 cells
(12:1) demonstrating individual b-gal-positive cells in a suprabasal position
(arrow) and red BrdU-positive nuclei limited to the normal basal keratino-
cytes. Individual b-gal cells lack colocalization of b-gal and BrdU demon-
strating that II-4 cells in the suprabasal position are growth suppressed. (b)
Mixture of NHK:II-4 cells (12:1) exposed to 50 mJ per cm2 UVB irradiation
showing increased area of b-gal-positive II-4 cells (thick arrow). Cells in such
clusters show BrdU-positive nuclei (thin arrows), demonstrating that UVB ir-
radiation induced the proliferation of II-4 cells that were previously growth
suppressed. Scale bar: 45 mm.
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cultures of these cell types was determined following exposure
to varying doses of UVB. Cultures were irradiated and pulsed 24
h later with 10 mM BrdU for 8 h, and the LI was determined.
BrdU labeling was limited to the basal layer in NHK cultures
and the LI was found to decrease in a dose-dependent manner
from 20% in nonirradiated cultures to 2% in cultures irradiated
at 50 mJ per cm2 (Fig 5). In contrast, the LI for II-4 cells was
constant at all doses of UVB irradiation and varied from 25% to
31% (Fig 5). These results suggested that UVB irradiation did not
alter the proliferative capacity of II-4 cells relative to the decreased
LI for NHK cultures. These ¢ndings demonstrated that the
di¡erential growth response of NHK and II-4 cells to UVB
irradiation and the relative apoptosis resistance of II-4 cells
compared to NHKwere the basis for the intraepithelial expansion
of II-4 cells upon UVB irradiation.
DISCUSSION
UV irradiation is thought to induce skin cancer as a result of the
combination of an initiating exposure that induces DNA damage
and a subsequent event that results in the expansion and ampli¢-
cation of these genetically altered cells. This initiating event may
act by generating speci¢c mutations in tumor suppressor genes,
such as p53, or in cellular oncogenes, such as ras. For example,
mutations in p53 have been shown to occur at high frequencies
in both actinic keratoses and squamous cell carcinoma and are
thought to be a critical early target for UV-induced carcinogen-
esis (Black et al, 1997). It remains unclear, however, whether UVB
exposure enables expansion of initiated p53-mutant clones by in-
ducing additional mutations in these cells or by modifying their
cellular milieu. To directly answer this question, we have gener-
ated an organotypic tissue model of human skin that mimics pre-
malignant disease, contains small numbers of intraepithelial
tumor cells with malignant potential that harbor mutations
in both p53 alleles, and expresses an activated H-ras oncogene
(HaCaT clone II-4). This cell line was generated by transfection
of the spontaneously immortalized keratinocyte cell line HaCaT
(Boukamp et al, 1988) with an activated c-Harvey-ras oncogene. It
has demonstrated a low-grade malignant behavior in in vivo assays
(Boukamp et al, 1990; Javaherian et al, 1998) and is particularly use-
ful for studying the e¡ects of UV irradiation on early cancer de-
velopment, as it has been well-characterized as an early stage
malignant cell on the basis of its phenotype and harbors genetic
alterations frequently found in UV-associated premalignant and
malignant lesions (Black et al, 1997).
We determined that UVB irradiation acted to promote the in-
traepithelial expansion of individual II-4 cells by enabling their
escape from a growth-suppressed dormant state that was induced
by adjacent normal cells. This expansion occurred due to the dif-
ferential sensitivity of normal keratinocytes and the early stage II-
4 tumor cells to induction of growth arrest and apoptosis. Upon
UVB irradiation, NHK underwent increased apoptosis and de-
creased proliferation relative to adjacent II-4 cells, resulting in
the expansion of II-4 cells at the expense of adjacent normal cells.
This suggests that the expansion of apoptosis-resistant p53-mu-
tant cells and ras-activated cells is an early event that may drive
UVB-induced carcinogenesis in sun-exposed human skin. Our
study builds on current models for malignant progression
in UV-damaged skin by using a novel human tissue model that
elucidates factors associated with the expansion of cells predis-
posed for such progression.We previously reported that contact
with normal keratinocytes could suppress the expansion of
potentially invasive keratinocyte clones in vivo and in vitro (Java-
herian et al, 1998) and that the tumor promoter 12-O-tetradeca-
noyl-phorbol-13-acetate could overcome this suppression and
enable intraepithelial tumor cell expansion (Karen et al, 1999).
12-O-Tetradecanoyl-phorbol-13-acetate induced this change by
limiting the proliferation of normal keratinoctyes but not alter-
ing the growth of II-4 cells.We have found that UVB irradiation
acts in a similar manner to promote the expansion of II-4 cells,
by directly altering the behavior and response of normal kerati-
nocytes to UVB irradiation.
Our ¢ndings support the view that sunlight acts as a tumor
promoter by favoring the clonal expansion of p53-mutant cells
(Brash, 1997). This theory proposes that UVB exposure will pre-
ferentially kill normal cells, which are not resistant to apoptosis,
whereas those cells that harbor p53 mutations will not undergo
apoptosis but rather clonal expansion. As it is known that sun-
exposed skin contains thousands of clones of p53-mutant kerati-
nocytes (Ren et al, 1997), histologically normal sun-damaged cells
are likely to be at risk for the early progression of skin carcino-
genesis. The subsequent fate of expanded clusters of UV-da-
maged cells is unclear, however, as termination of UV exposure
may result in the removal of UV-damaged transient amplifying
cells or may leave behind a population of latent neoplastic cells
(Mitchell et al, 2001). Thus, expansion of UV-damaged clones
could either clear the skin of latent neoplastic cells or increase
the risk for formation of a premalignant lesion if these cells
were retained in the tissue. Unlike the pattern seen in vivo, where
clonal patches of p53-damaged cells are found in a basal position
(Black et al, 1997; Brash, 1997; Mitchell et al, 2001), we found
that UV-induced expansion of II-4 cells resulted in cell clusters
in the upper layers of the epithelium. As has previously been de-
scribed, expanded clusters of II-4 cells that cannot adhere to
the connective tissue interface will expand in an intraepithelial
position and eventually will desquamate from the epithelium
(Javaherian et al, 1998). This suggests that the adhesion of p53-
damaged clones to the basement membrane zone is essential for
the progression of early UV-damaged epithelial cells to squamous
cell carcinoma.
Although it is widely accepted that mutation of the p53 tumor
suppressor gene plays an important role in photocarcinogenesis,
the role of the ras family of oncogenes in this process is less clear.
The occurrence of ras mutations in UV-associated skin cancer in
humans and rodents has been found to vary from 10% to 40%
(Pierceall et al, 1991; 1992). It is not clear if these alterations
are caused by UV irradiation at an early stage of carcinogenesis,
however, or if they develop at a later stage of carcinogenesis
Figure 5. UVB decreases proliferation of normal keratinocytes
without altering the growth of II-4 cells. Pure organotypic cultures
of normal or II-4 keratinoctyes were irradiated with UVB doses ranging
from 20 to 50 mJ per cm2. Cultures were incubated with 10 mM BrdU for
8 h and sections were stained by immuno£uorescence using an anti-BrdU
antibody as described in Materials and Methods. Proliferation of NHK (’)
was measured as the mean percentage of BrdU-positive basal NHK nuclei,
whereas proliferation of II-4 cells ( ) was calculated as the mean LI by
counting basal and suprabasal BrdU-positive cells, as II-4 cells demon-
strated proliferation throughout the tissue. Mean7 SD.
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independent of UV damage. It appears that ras mutations are not
of great signi¢cance in the induction of UV-induced skin cancer
progression and are more likely to occur in response to chemical
carcinogenesis (Quintanilla et al, 1986). Recently, transfection of
HaCaT with an activated ras oncogene demonstrated augmenta-
tion of cell growth and decreased di¡erentiation and apoptosis
compared to parental HaCaTcells (Delehedde et al, 2001). It there-
fore appears that the presence of p53 mutation alone, as seen in
HaCaT cells, is not su⁄cient to drive the proliferative growth ad-
vantage seen in ras-transfected HaCaTcells. It is likely that the role
of rasmutation in II-4 cells, as well as in skin cancer progression in
vivo, lies in the activation of pathways through which cells lose
their growth regulation (Black et al, 1997). The ongoing prolifera-
tion seen upon UV irradiation of II-4 cells in our tissue model
may re£ect this abnormal growth potential, whereas altered apop-
tosis may be a function of the p53 mutations present in these cells.
Additionally, it is possible that other genetic alterations present in
the II-4 cells in£uence their observed behavior to UV irradiation.
Karyotypic changes in the parental HaCaT cells (Boukamp et al,
1997) and II-4 cells (Boukamp et al, 1995) have been extensively
studied, but none of the alterations characterized has been corre-
lated with a UVor stress sensitivity. It has been shown that HaCaT
cells undergo apoptosis in response to UV irradiation when
grown in submerged monolayer cultures (Heinseleit et al, 1997).
This study found that, despite its mutated status in HaCaT cells,
p53 may help mediate this event as UV-induced apoptosis can be
partially blocked by suppressing p53 expression in these cells. In
contrast, we have found that II-4 cells are resistant to UV-induced
apoptosis, suggesting that both p53-dependent and p53-indepen-
dent apoptotic pathways are not functioning after UV irradiation
of these cells in organotypic culture.
Previous models of chronic skin exposure to UV irradiation
have demonstrated that keratinocytes undergo a hyperplastic
response when exposed to a one-time, acute UV dose adminis-
tered after low-dose chronic irradiation (Mitchell et al, 2001).
In contrast, as has previously been shown (Bernerd and Asseli-
neau, 1997), we have found a decrease in the proliferation of nor-
mal keratinocytes 24 h after a one-time exposure to UV.
Compared to experiments designed to study skin carcinogenesis
by chronic low-level UV exposure, our studies have been limited
to understanding the immediate tissue alterations induced by
UVB that trigger clonal expansion of p53-mutant cells. Di¡er-
ences in proliferative response between organotypic cultures and
intact skin may be due to the basal level of proliferation in these
in vitro tissues, which are higher than those seen in their in vivo
counterparts. As a result, the e¡ect of UV light in our tissue
model may be to suppress an already hyperproliferative epithe-
lium to a more basal level of proliferation. Although the elevated
proliferation of normal keratinocytes may enhance their UV sen-
sitivity, it would be expected to do the same for adjacent II-4
cells.
As ethical reasons have limited the ability to directly study the
e¡ects of UVB irradiation in the skin of human volunteers, the
use of skin-like organotypic tissue models containing human ker-
atinocytes o¡ers an attractive alternative for studying the e¡ects
of UVB irradiation on human skin. Furthermore, as there are
important di¡erences in morphology, thickness, and UVB light
responsiveness between human and murine skin (Reifenrath et al,
1984), the ability to extrapolate mechanisms of carcinogenesis
from one tissue to another is somewhat limited (Soballe et al,
1996). Using organotypic cultures of human keratinocytes, we
have demonstrated that biologically relevant doses of UVB light
can induce cellular damage that is similar to that seen in sun-ex-
posed human skin. Organotypic cultures have previously been
used to study the e¡ects of UVB irradiation on release of cyto-
kines (Nelson and Gay, 1993), melanin synthesis (Archambault
et al, 1995), DNA synthesis, and induction of apoptosis (Harriger
and Hull, 1994). Bernerd and Asselineau (1997) found that UVB
exposure induced apoptosis, downregulation of markers of kera-
tinocyte di¡erentiation, and an increase in proliferation several
days after UVB exposure, which subsequently restored normal
tissue morphology.We have expanded on these previous studies
using organotypic skin equivalents to study UVB e¡ects on hu-
man tissues by constructing tissues that incorporate p53-damaged
intraepithelial tumor cells into tissues with three-dimensional tis-
sue architecture.
In conclusion, UVB appears to enable clonal expansion of II-4
cells by selectively inducing apoptosis in normal keratinocytes
and by decreasing the proliferative capacity of these cells. This
suggests that UVB can act to promote the clonal expansion of
potentially malignant cells by altering the behavior of normal
keratinocytes in the epithelium rather than by directly altering
the phenotype of the potentially malignant cells. In this way,
UVB may act to stimulate the early stages of neoplastic progres-
sion in human strati¢ed epithelium by creating a microenviron-
ment conducive for clonal expansion of previously suppressed
potentially malignant cells, thereby permitting UV-damaged
clones to overcome the growth-suppressive e¡ects exerted by
normal cells. This suggests that clonal expansion and the earliest
stages of UV-associated nonmelanoma skin cancer are driven by
the promoting e¡ects of UV irradiation and are not necessarily
due to the acquisition of additional mutations in previously sun-
damaged skin.
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